Abstract: The open communication is an exigent need for future power system where the time delay is unavoidable. In order to secure the stability of the grid, the frequency must remain within its limited range which is achieved through the load frequency control. The load frequency control signals are transmitted through communication networks which induces time delay that could destabilize the power systems. So, in order to guarantee the stability the delay margin should be computed. In this paper, we present a new method for calculating the delay margin in load frequency control systems. The transcendental time delay characteristics equation is transformed to frequency dependant equation. The spectral radius is used to find the frequencies at which the roots crosses the imaginary axis. The crossing frequencies are determined through the sweeping test and the binary iteration algorithm. A one-area load frequency control system is chosen as case study. The effectiveness of the proposed method has been proved through comparing with the most recent published methods. The method shows its merit with less conservativeness and less computations. The PI controller gains are preferable to be chosen large to reduce the damping, however, the delay margin decreases with increasing the PI controller gains.
The parameters are defined as: ΔPd is the load deviation, ΔPm is the generator mechanical output deviation, ΔPv is the valve position deviation, Δf is the frequency deviation. M is the moment of inertia, D is the generator damping coefficient, Tg is the time constant of the governor, Tch is the time constant of the turbine, R is the speed drop, and β is the frequency bias factor. For one-area LFC system, the area control error ACE is given as [16] : The AGC has two components; the first is updated every 5 minutes for economical dispatch and the second is updated in the order of 1-5 seconds. The latter signal delay is the one considered in the paper. Stabilizing the system with conventional PI controller given as:
where KP is the proportional gain, KI is the integral gain and ∫ ACE is the integration of the area control error. With the PI controller, the closed-loop system is expressed as follows: The time delay, τ, is composed of transducer delay, analog-to-digital conversion delay, processing delay, multiplexing delay and the delay in the communication link [5] . This time delay [16] . Setting ΔPd to zero, the single-area LFC system becomes a linear time delay system, then (4) becomes:
 , we transform (5) using Laplace transform and the characteristics equation becomes:
Equation (6) is a transcendental equation and have been the subject of the research for many years. The system is asymptotically stable for a given delay if all the roots of (6) lie on the left half plane. The free delay system is assumed to be stable and all the roots are on the left half plane. For some value of the delay one or more roots will cross the imaginary excess. One of the approaches is to replace s with jω and perform the analysis in the frequency domain.
Delay Margin Computation Using the Sweeping Test
Time delay systems can be either delay-independent or delay dependent. The delay-dependent system is asymptotically stable for delay independent system is asymptotically stable for any positive value of the time delay. For the single-area LFC system represented by (5) to be asymptotically stable independent of delay, we must have:
where  C is the open right half plane. If (7) is satisfied then there are no positive roots for any value of the time delay. The delay dependent stability implies that for time delays less than the delay margin the system is asymptotically stable and all the roots are on the closed left half plane, and when the time delay exceeds the delay margin the system becomes unstable and some roots will be on the right half plane. In this manner, the roots will cross the imaginary axis when d    . We are interested in determining both the delay independent and delay-dependent conditions of the system. To simplify the analysis we replace s by  j . Now, we turn our attention to find the delay that produce frequencies on the imaginary axis. Then system (5) is said to be asymptotically stable independent of delay if [23] :
If (8) is not satisfied for some values of  then the system is delay-dependent stable. Now the problem is to find the crossing frequency, c  , where the roots crosses the imaginary axis. To find the crossing frequencies we use the spectral radius in the following definition.
Definition 1 [24]:
The spectral radius of two matrices pair is defined as: The computation of the delay margin is carried out in the  domain. To compute the maximum delay margin we adopt the sweeping test [25] . The sweeping test is very valuable tool especially with the advances in the computing capabilities of the today's computers. The seeping test is better for its simplicity with less computation and accurate results. To find the delay margin of the LFC system we use the following theorem.
Theorem 1:[24]
For the system (5) stable at τd=0, i.e., A+Ad is stable and rank(Ad)=q, we define
, and the system in (5) is stable for all
and becomes unstable at
Proof [23-26]:
The system (5) is stable independent of the time delay if the following condition is satisfied:
Condition (10) implies that the system is stable with
. Now we assume that the system becomes unstable for some value of  . This means
. Now, we assume that:
This can be true for i k    , and consequently at this condition:
For any
we must have:
, and consequently:
The system (5) is stable independent of delay if and only if: (i) A is stable, (ii) A+Ad is stable, and
The three conditions in Corollary 1 represents the delay independent stability, where (i) states that the system is stable at 0   , (ii) the system is stable at    and (iii) the system is stable for
Theorem 1 determines both the delay independent and the delay dependent stability. First we can verify the delay independent stability by checking the following condition:
If the above condition is satisfied then the system is stable independent of time delay and if it is not satisfied for some values of ω that makes
then we calculate the crossing frequencies using the algorithm in Fig. 2 . Finally we compute the exact delay margin. The algorithm can be summarized as follows:
Step 1: With the given system parameters, compute A and Ad. Using the sweeping test, check if the system is stable independent of delay or not, that is
, then proceed to step 2, otherwise the system is stable independent of the time delay.
Step 2: Define a range ] , [ Step 3: Use the binary iteration to find the crossing frequency, c  , with a given error tolerance e  [27, 28] . We set
. Now the search range is reduced every iteration until the desired accuracy is reached.
Step 4: When the desired accuracy is reached we calculate i k  , the crossing angles, through
is the desired delay margin.
Case Study: One-Area LFC system
To compare the results of our proposed method with the published ones we use the same parameters in [16, 18, 22] . The parameters of the LFC system shown in Fig. 1 are given Table 1 along with the results of the methods in [16, 18, 22] . It should be noted that the method in [22] gives the most accurate reported delay margins. Table 1 shows clearly that the proposed method gives almost exactly as the results of the method reported in [22] , however, the proposed method is simpler with less computations. The delay margin as function of the integral gain for various values of the proportional gain with the proposed method and the method reported in [22] are shown in Figs 3-9. As can be seen the proposed method accurately determines the delay margin for the single-area LFC system. The relative error between the proposed method and the method published in [22] is very small. The average relative percentage error is 0.023867% which shows that the delay margin values are nearly exactly as the same reported in [22] . Case I (KP=0 and KI=0.4): In [22] it is reported that the delay margin with KP=0 and KI=0.4 is 3.382 s, with the proposed method it is 3.382 s. The proposed method gives accurate values of the delay margin as the method reported in [22] . The proposed method give less conservative results than the LMI methods reported in [16, 18] . To validate the results, simulations with Matlab/Simulink are carried out. The frequency response of the LFC system with KP=0 and KI=0. 4 for different values of the time delay is shown in Fig. 10 . A 0.1 p.u change in the load occurs at 10 s. Fig. 10 shows the frequency response with 3.3 s, 3.382 s and 3.4 s, and it is clear that the system is stable with 3.3 s and unstable with 3.4 s. From the simulation the system is marginally stable with 3.384 s. The percentage error with the simulation based delay margin is 0.071%. For this system we have only one generalized eigenvalue. The spectral radius as function of ω is shown in Fig. 11. From Fig. 11 the crossing frequency is 0.4025 rad/s, solving (14), we have θ = 1.3678 rad which makes the delay margin equals 3.382 s. From Fig. 10 the oscillating frequency is 0.4025 rad/s which proves the validity of the results. Case II (KP=0.6 and KI=0.6): In [22] it is reported with KP=0.6 and KI=0.6 that the delay margin is 2.281 s, while with our method it is 2.281 s. The frequency response with different delays is shown in Fig. 12 . The system is stable with 2.1 s, however it becomes unstable with 2.4 s which is larger than the delay margin. The simulation based delay margin is 2.282 s. The crossing frequency is 0.8015 rad/s , solving (14) for θ then; θ = 1.8283 rad. Fig. 13 shows the spectral radius as function of ω for KP=0.6 and KI=0.6.
Case III (KP=0.05 and KI=0.05): In [22] it is reported with KP=0.05,KI=0.05 that the delay margin is 31.875 s, while with our method it is 31.8509 s. The frequency response with different delays is shown in Fig. 14 . The system is stable with 31.8509 s, however it becomes unstable with 33 s which is larger than the delay margin. The simulation based delay margin is 31.88 s. The relative percentage error is 0.0438%. The crossing frequency is 0.0502 rad/s , solving (14) for θ then θ = 1.596 rad. Fig. 15 shows the spectral radius as function of ω for KP=0.05 and KI=0.05. The delay margin for different values of the PI controller gains is shown in Fig. 16 . The delay margin dependence on KI, and KP showed similar behavior as in [16, 18, 22] . Additionally, the crossing frequencies and crossing angles are shown in Table 2 and 3 respectively. The variation of the crossing angle and the crossing frequency gives more details on the dependence of the delay margin on KP and KI. From Fig. 16 the delay margin decreases with increasing KI if KP is kept constant. The delay margin increases as KP increase in the range KP<0.4, then the delay decreases as KP becomes larger than 0.4. This is the same behavior observed in [16, 18, 22] . The delay margin becomes large for small values of KP and KI. The delay margins, crossing angles and the crossing frequencies with different values of KI when KP=0 are shown in Table 4 . It is interesting to observe that the crossing frequency with KP=0 numerically equals KI. As KP is made larger than 0.2, the crossing frequency increases with increasing KP The proposed method has been compared with four different published methods. The delay margin results are less conservative than the results of the LMI method reported in [16, 18] , however, the LMI method which are time domain methods have an advantage of dealing with time varying delays. The results of the delay margin are equal to the delay margins obtained by the frequency domain methods reported in [20, 22] , however, the proposed method is simpler for implementation.
Conclusions
In this paper we propose a method for analyzing the stability of load frequency control system with communication delay. The method is a frequency domain method without any approximation to the resultant delay system. The delay margins are computed through the binary iteration and the sweeping test. A single-area load frequency control system has been chosen as case study and the delay margin values have been compared with values reported in the literature. The method gives accurate delay margin which is proved by time delay simulation and comparison with the published methods. The main two advantages of the proposed method is its accuracy and simplicity compared with the other methods. Additionally, the method can determine accurately the oscillating frequency of the load frequency control system when the time delay equals the delay margin. The proposed method in this paper is applied to single delay load frequency system. The method will be extended to deal with multiple time delays which is the case for multi-area load frequency control system.
